The Geological Orrery is a network of geological records of orbitally paced climate designed to address the inherent limitations of solutions for planetary orbits beyond 60 million years ago due to the chaotic nature of Solar System motion. We use results from two scientific coring experiments in Early Mesozoic continental strata: the Newark Basin Coring Project and the Colorado Plateau Coring Project. We precisely and accurately resolve the secular fundamental frequencies of precession of perihelion of the inner planets and Jupiter for the Late Triassic and Early Jurassic epochs (223-199 million years ago) using the lacustrine record of orbital pacing tuned only to one frequency (1/405,000 years) as a geological interferometer. Excepting Jupiter's, these frequencies differ significantly from present values as determined using three independent techniques yielding practically the same results. Estimates for the precession of perihelion of the inner planets are robust, reflecting a zircon U-Pb-based age model and internal checks based on the overdetermined origins of the geologically measured frequencies. Furthermore, although not indicative of a correct solution, one numerical solution closely matches the Geological Orrery, with a very low probability of being due to chance. To determine the secular fundamental frequencies of the precession of the nodes of the planets and the important secular resonances with the precession of perihelion, a contemporaneous high-latitude geological archive recording obliquity pacing of climate is needed. These results form a proof of concept of the Geological Orrery and lay out an empirical framework to map the chaotic evolution of the Solar System. Solar System | orbital dynamics | Milankovitch | chaos | Triassic-Jurassic I n the introduction of his 1812 treatise on probability, PierreSimon de Laplace (1) envisioned the possibility of modeling the whole universe in a single equation (the gravitational laws). Using only knowledge of the present initial conditions, one could recover all of the past and predict all of the future. However, this paradigm of determinism does not apply to the Solar System. The validity of the solutions of Solar System gravitational models is constrained to about 0-60 Ma not only because of inherent limitations in the determination of initial conditions and parameters of the model but more fundamentally, because of the chaotic nature of the system for which initially close solutions diverge exponentially, in fact multiplying the uncertainties by a factor of 10 every 10 My (2, 3). Although there has been much recent progress, the powerful constraint imposed by chaos, at several levels, means that it is hopeless to attempt to retrace the precise history of the Solar System from only knowledge of the present as has been done until now. Conversely, geological data can constrain the astronomical solution back in time, thus allowing us to go beyond the horizon of predictability of the system. Geological data recording climate variations modulated by celestial mechanics potentially provide an empirical realm to test astronomical solutions that must conform to the past. Geological data from within the last 60 My seem to agree with astronomical solutions (4, 5) but provide little information on the Solar System beyond what is already known. The fundamental challenge is to find empirical data well beyond 60 Ma to provide anchors for extending the astronomical solutions, but this quest has been hampered by a lack of records with both sufficient temporal scope and independent age control. To circumvent the limitations of most geological data, we have developed an experimental system that uses a plexus of highly resolved data from multiple temporally correlative and complementary records termed "The Geological Orrery," named after the mechanical planetaria-Orreries-of the 18th century from the fourth Earl of Orrery, Charles Boyle (6), and the "Digital Orrery," a dedicated parallelprocessing computer that was constructed to investigate the longterm motion of the Solar System that numerically confirmed its chaotic nature (7, 8) . The Geological Orrery provides a procedure to fully map the actual gravitational history of the last ∼250 My of the Solar System and beyond, allowing reliable filtering and modification of astronomical solutions.
To a first approximation, the orbital planes of the planets are slowly deformed by the gravitational forces of the other bodies in the Solar System in a quasiperiodic way that can be decomposed into a series of secular fundamental frequencies representing roughly each planet's contribution to the deformation of the orbits. These motions can be described in terms of the precession of perihelion in the orbital plane (g i frequencies) and the precession of the orbital plane in space represented by the precession of the node (s i frequencies). Differences of these secular frequencies of precession of perihelion g i yield the "eccentricity cycles" familiar to paleoclimatologists, and the sums of the g i frequencies with Earth's axial precession constant, p, yield the "climatic precession" frequencies, today averaging about 21 ky (Table 1) . Similarly, the difference frequencies of the secular fundamental frequencies of precession
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The Solar System is chaotic, and precise solutions for the motions of the planets are limited to about 60 million years. Using a network of coring experiments that we call the Geological Orrery (after 18th century planetaria), we recover precise and accurate values for the precession of the perihelion of the inner planets from 223-to 199-million-year-old tropical lake sediments, circumventing the problem of Solar System chaos. Extension of the Geological Orrery from 60 million years ago to the whole Mesozoic and beyond would provide an empirical realm to constrain models of Solar System evolution, further test General Relativity and its alternatives, constrain the existence of additional past planets, and provide further tests of gravitational models. of the orbital nodes s i yield the orbital inclination frequencies, and the sums of the s i frequencies with p yield the familiar obliquity periods today near 41 ky.
Here, we use the Geological Orrery to precisely determine the secular fundamental frequencies of the precession of perihelion of the inner planets and Jupiter from 199 to 220 Ma using climate proxy and geochronologic results from two major scientific coring experiments: (i) the Newark Basin Coring Project (NBCP) (9) that forms the basis of the Newark-Hartford Astrochronostratigraphic Polarity Timescale (NH APTS) (10) along with data from the adjacent Hartford Basin (SI Appendix) and (ii) the Colorado Plateau Coring Project (CPCP-1) (11, 12) (Fig. 1 and SI Appendix, Fig. S6 and Table S1 ).
The NBCP experiment collected seven ∼1,000-m continuous cores and core holes in lacustrine to fluvial rift basin strata of the Newark Basin spanning most of the Late Triassic and the earliest Jurassic, which together with additional core and outcrop data (13-15) (SI Appendix, Figs. S1 and S6, and Table S1 ), tested the permeating nature of orbital pacing of lake depth in the paleotropics (0°-21°N) (16) through the lacustrine part of the section, previously inferred from scarce and discontinuous outcrops (17) (18) (19) . Global correlation is achieved through 66 geomagnetic polarity intervals pinned in time by zircon chemical abrasion isotope dilution thermal ionization mass spectrometry (CA-ID-TIMS) U-Pb dates from three lava flow formations interbedded in the very latest Triassic and earliest Jurassic age part of the sequence (20, 21) . Using largely a facies classification and a color scale, the NBCP experiment (19) supported the hypothesis that the rift lake depth was paced by orbital cycles, including a full range of climatic precession-related cycles. These include the ∼20-ky precessional and the ∼100-and 405-ky orbital eccentricity cycles with the latter and its mappable geological equivalent termed the McLaughlin Cycle (Table 1) , then being used to tune the entire lacustrine part of the composite Newark-Hartford record (22) . This, in turn, allowed the Triassic values of the secular fundamental frequencies of the precession of perihelion for Mercury (g1), Venus (g2), Earth (g3), and Mars (g4) ( Table  1) to be roughly estimated (22) . The tuned data also revealed even longer-period "Grand Cycles" (23) (Table 1) , including one with a period of ∼1.7 My identified as the Mars-Earth cycle (g4 − g3) that today has a value of ∼2.4 My (5), the difference being attributed to chaotic diffusion in the behavior of the Solar System. However, these results lacked independent age control, allowing the possibility that hiatuses invisible to spectral analysis compromise both the timescale and the apparent eccentricity periodicities longer than 405 ky (24) (25) (26) (27) .
A major goal of the CPCP-1 experiment in the Triassic Chinle Formation in Petrified Forest National Park in Arizona was to provide an independent zircon U-Pb age-constrained paleomagnetic polarity stratigraphy that could be correlated to and test the NH APTS and the application of orbital theory on which it is based (11) . CPCP-1 validated the NH APTS interval from ∼210 to 215 Ma and implicitly validated the age model for the younger interval bounded by zircon CA-ID-TIMS U-Pb dates from Newark Basin lavas for ∼600 ky around ∼201 Ma (21) , making an independently dated sequence extending from ∼201 to 215 Ma in total. These geochronological data validate the NH APTS and provide direct dating of the 405-ky cycle at around 215 Ma (12) (SI Appendix, Fig. S7 and Table S2 ), and they provide the needed age control for examining Triassic-Early Jurassic orbital frequencies in the Newark-Hartford dataset and permit direct comparison with Neogene and Quaternary marine data.
Newark-Hartford Composite Results
The newly compiled Newark-Hartford dataset consists of four major depth series: depth rank (sedimentary facies related to water depth) and color from the recovered cores and down-hole sonic velocity and natural gamma radiation measurements providing instrumental complementary data (SI Appendix, Figs. S2 and S6). Data from cores and outcrops from the Newark and Hartford Basins allow seamless extension of the sequence into the Early Jurassic (Hettangian and Early Sinemurian) (12) (SI Appendix, Figs. S3-S6).
Wavelet spectra of these four depth series show similar patterns of periodicities in the depth domain with all of the thickness periodicities changing in frequency simultaneously ( Fig. 2 and SI Appendix, Fig. S6 ), reflecting variations in accumulation rate. The most prominent frequency through most of the spectrum reflects the lithologically based McLaughlin Cycle, an expression of the 405-ky orbital eccentricity cycle (Table 2) , which provided the basis for time calibration of the NH APTS (10). The zircon CA-ID-TIMS U-Pb dates from the Newark Basin lava flow formations and related intrusions show a pronounced (nearly an order of magnitude) (SI Appendix, Figs. S6 and S11) increase in accumulation rate at the beginning of the Central Atlantic Magmatic Province (CAMP) event (Fig. 2) , above which the thickness frequencies correspondingly shift to much lower values in agreement with the visual observation of the increased thickness of the McLaughlin Cycles (13) (14) (15) . The borehole geophysical data are complementary to the depth rank data, especially where the latter has reduced variability as shown by both wavelet and Multitaper Method (MTM) spectral analysis ( Fig. 3 and Fig. 5 ). MTM analysis of X-ray fluorescence chemical data yields similar results on a subset of the thickness data (SI Appendix, Figs. S8 and S9). We regard this as a powerful verification that the main periodicities can be easily seen in all of the depth series by visual inspection without any tuning or nonuniform age model (Fig. 2) .
We convert the data from the core depth domain to the time domain with minimal modification using a simple model based on U-Pb dates imported from CPCP-1 via magnetostratigraphy and the lava flows within the section. This yields a spectrum with approximately the expected orbital periodicities (Fig. 4) . A prominent cycle at ∼405 ky is present. By filtering the core depth series in this range to the thickness of this cycle (SI Appendix, Fig. S7 and Tables S2 and S3) , we can determine its period without having to explicitly identify specific lithological McLaughlin Cycles as was done in ref. 12 , which confirms the later results with different methods yielding a periodicity of 398 ± 12 ky using all of the dates and 410 ± 02 ky using only the three CPCP-1 dates in stratigraphic order and the Newark Basin CAMP dates (SI Appendix, Fig. S7 and Table S3 ). Therefore, regardless of the counting methodology, these results are indistinguishable from the 405-ky periodicity predicted to be stable over this time interval (5, 12) .
Minimally tuned to the 405-ky periodicity, the wavelet spectra show that all of the frequencies seen in the depth domain are now aligned, and the datasets can be directly compared with the spectrum solution for the later Neogene plus Quaternary (Fig. 5 and SI Appendix, Figs. S10 and S12). Visual inspection of the wavelet spectra shows overall agreement in pattern in the highpower periods, except for those longer than 405 ky. In particular, the apparent homolog of the 2.4-My period in the Neogene plus Quaternary wavelet spectrum is distinctly offset to a shorter period of ∼1.7 My ascribed to the Mars-Earth orbital eccentricity Grand Cycle (g4 − g3) ( Table 2) when it was first measured (22, 23 2 . Untuned Newark-Hartford wavelet spectra from core, holes, and outcrops (SI Appendix, Fig. S1 and Table S1 ). Crucial are the demonstrable and simultaneous shifts in all thickness periods, particularly pronounced in the lower two-thirds of the spectra. There is nearly an order of magnitude increase in accumulation rate above the lowest Basalt geophysical logs because of detrending issues with the six downhole logs from which the composite logs are assembled (SI Appendix, Figs. S2 and S12). The possibility that the difference between the 1.7-My Triassic Period of g4 − g3 and its present 2.4-My period is due to hiatuses is eliminated by the CPCP-1 and Newark Basin lava flow U-Pb dates (SI Appendix, Fig.  S7 and Tables S2 and S3) .
Examining the interval between the 405-ky cycle and the 2.4-My cycle in the 0-to 24-Ma wavelet spectra, there are two bands of high power with a "ropy" appearance ( Fig. 5 and SI Appendix, Fig. S12 ). They seem to have their homologs in a similar interval in the depth rank and color wavelet spectra in the NewarkHartford spectra. These various Grand Cycles seem to correspond to the main terms of the eccentricity orbital solution (refs. 5, figure 5; 28; and 29, table 6) (SI Appendix, Table S4 ); predicted by combinations of the secular fundamental frequencies (Tables  1-3) , these should correspond to the Jupiter-Mercury (g5 − g1 = 1/972.59 ky) and Venus-Mercury (g2 − g1 = 1/695.65 ky) cycles (Table 2 and SI Appendix, Table S4 ). To our knowledge, these have not previously been identified in any geological records. Because they are different in value from modern frequencies, assignment of these bands of spectral power to specific combinations of astronomical parameters raises the question of whether they could reflect geological noise or artifacts.
Secular Fundamental Frequencies of the Solar System
Fortunately, the question of the origin of the cycles in the Newark-Hartford dataset can be convincingly answered using refined Fourier analysis techniques in conjunction with the internal cross-checks afforded by the overdetermined components of the orbitally paced cycles themselves (SI Appendix, Table S7 ). MTM spectral analysis of the cycles with periods greater than 66 ky previously used for this sequence has been applied again here (Fig. 6 , Table 2 , and SI Appendix, Table S4 ). In addition, we have performed an independent analysis adopting a method developed for the quasiperiodic decomposition of the output of numerical integrations of dynamical systems called "Frequency Analysis" (FA) (30, 31) that has been widely used in various domains, including experimental physics (28, 29, 32) . FA automatically extracts the frequencies and amplitudes of the periodic components of a signal without the need for manual selection of peaks sorted by decreasing amplitude. We applied FA to the whole Newark-Hartford depth rank dataset (200.65-225.565 Ma) after removing a 2-My running average using the computer code (SI Appendix). The FA results, limited to the 14 main terms (Table 2), are extremely close  to the MTM analysis (Table 2 and SI Appendix, Table S4 ). Thus, we have obtained the same result using three different approaches (wavelet, MTM, and FA). The FA values will be used henceforth for additional quantitative analysis because of its reduced operator influence.
The MTM and FA analyses of the Newark-Hartford data exhibit striking similarities in the recovered values to periodic components of Earth's orbital eccentricity in numerical solutions of the past 20 My (compare columns 4 and 6 of Table 2 ) (e.g., ref. 29, table 6 ). This is similar to an earlier analysis that predated the independent age model (22) . However, the important discrepancies with the past 20 My can now be taken more seriously, the most notable being in the g4 − g3 argument that has a present period of 2.364 My in the solution termed La2010a of ref. 5 but only 1.747 My in the Newark-Hartford data. It was argued in ref. 22 that this was the result of chaotic diffusion in the Solar System. We show here that this conclusion is most likely correct with a very high probability.
To a first approximation, the Solar System orbital motion can be considered quasiperiodic, and its long-term evolution can be represented by periodic terms of only 15 main frequencies: the frequencies g1, g2,. . .g8 [the secular fundamental frequencies of precession of perihelion of the planets (Mercury, Venus,. . . Neptune)] and s1-s4 and s6-s8 [the secular fundamental frequencies of precession of the nodes of the orbits of the planets (s5 is not present due to the conservation of angular momentum)]. Here, the secular frequencies are regarded as an average over 20 My. Insolation quantities on Earth are thus expressed in terms of these secular fundamental frequencies and additionally, the precession frequency of the spin axis of the Earth, p (29, 33, 34) . In general, the secular fundamental frequencies do not appear directly in the physical variables but only as combinations of the frequencies (Tables 1 and 2 and SI Appendix, Table S4 ). For example, in Earth's orbital eccentricity, only differences of the form g i − g j are present and eventually, combinations of higher order of the g i , with a zero sum of the coefficients (29) . The largestamplitude term in the Earth's orbital eccentricity is the wellknown g2 -g5 = 1/405-ky periodic term. Although the secular fundamental frequencies cannot be measured directly in sedimentary records due to a lack of resolution, the physical effects appear as the differences of frequencies, and these secular difference frequencies generate long-period beats that can be measured, with even longer periods than the g5 -g2 = 1/405-ky term. The geological record can thus be viewed as an interferometer in which the lower, measurable frequencies, the Grand Cycles, can be determined, although the higher frequencies that produce them cannot (Tables 1 and 2 and SI Appendix, Table S5 ). We thus can derive the secular fundamental frequencies pertaining to the precession of perihelion g1 through g4 directly from the geological data untethered from current values.
Chaotic Diffusion
Although over a few million years, the orbital evolution of the Solar System can be approximated by a quasiperiodic motion, as stated above, this is not true extending back in time to 200 Ma, where the chaotic diffusion of the system is noticeable. The main result is a small drift in the values of the secular frequencies of the system (5, 29, 30) . This drift is small for individual frequencies, but its effects are greatly amplified in differences of close frequencies (i.e., beat cycles) as in the g4 -g3 Mars-Earth orbital eccentricity term. The period of this term is at present 2.364 My, while the observed value in the Newark Hartford data is apparently only 1.747 My (both FA results) ( Table 2 ). Is this possible within the range of the predicted chaotic drift? To answer this question, we cannot directly integrate the orbital solution back in time starting with the present initial conditions. Indeed, due to the chaotic behavior of the Solar System, the uncertainty in the solutions is multiplied by 10 every 10 My, and due to the sensitivity of the gravitational system to perturbations of the largest asteroids (minor planets) Ceres and Vesta, it will never be possible to retrieve precisely the planetary orbits beyond about 60 Ma (35) . Nevertheless, the problem can be addressed in a probabilistic way by integrating the model beyond that time. While this does not provide the exact path of our Solar System but only a possibility for its past evolution, it does provide a gauge of the reasonableness of the geological data. We thus use 13 orbital solutions of the very precise models termed La2004 of ref. 29 and La2010 of ref. 5 with small variations in the initial conditions compatible with our present knowledge and examine the evolution of the Mars-Earth (g4 -g3) period from 0 to 250 Ma (Fig. 7A) . The output is analyzed using FA with a sliding window of 20 My, with a 1-My offset between each interval ( Fig. 7 and SI Appendix, Figs. S4 and S6). Among these 13 solutions, 4 of them have a (g4 -g3) period that goes below 1.75 My, and this is very nearly so for another 4. Thus, finding a 1.75-My value in the geological record in the 200-to 225-Ma time interval is entirely compatible with our best knowledge of Solar System motion.
After this first step, we search for a more quantitative estimate. The solution termed La2010d of ref. 5 comes close to the 1.75-My value in nearly the same time interval as the Newark-Hartford data, and we can consider it our reference solution we term La2010d*. We thus can compare how closely the Newark-Hartford data approximate La2010d* not only for the Mars-Earth (g4 -g3) cycle but also, for all of the major secular (difference) frequencies for Earth's orbital eccentricity. Direct comparison of the FA results of La2010d* Earth's eccentricity (Table 2 and SI Appendix, Table S4 ) with those of the Newark-Hartford data (columns 4 and 5 of Table 2 ) shows that the values of the periods are very close for all of the leading terms of the analyzed data (SI Appendix, Table  S5 ). For a quantitative estimate, we use the frequencies expressed as arcsec per year rather than the period (in years), because they may be combined in a simpler way (Table 3 and SI Appendix, Table S4 ).
Fundamental Secular Frequencies
We can recover the fundamental secular frequencies from the Newark-Hartford data because of the great stability of the outer Solar System, notably Jupiter. The Newark-Hartford data are tuned to the g2 -g5 Venus-Jupiter 405-ky term, and we expect that FA (and MTM) should recover this value (column 4 of Table 2 ), which it does. While there is nothing new here, it verifies the consistency of our procedures. In addition, because the outer Solar System is very stable, the g5 frequency can be considered as a constant over the age of the Earth. The uncertainty in the 405 ky of one cycle in 250 My is due almost entirely to g2 (5) . Indeed, the g5 value of La2010d*, obtained with FA, is 4.257438 ″/y, extremely close to the La2010a value of 4.257482 ″/y in ref. 5 . With this assumption, supported by theory and computation, we can recover g1 from g1 − g5, g3 from g3 − g5, g4 from g4 − g5, and g2 from g2 − g5. For the last, the fact that we find a value close to the La2010a reference value is expected due to the tuning to g2 -g5 ( Table 3 ). The recovered values for g1 through g4 are in column 4 of Table 3 . We do not compare these values with the La2010a values but with the ones of La2010d* that should be much closer because this solution has drifted in a similar way due to chaotic diffusion (Fig. 7B) . Indeed, the differences reported in column 5 of Table 3 are extremely small. This should be sufficient to give us great confidence that the signal that we have recovered in the Newark-Hartford data is related to the Earth's orbital eccentricity, but there is much more that can be recovered. Indeed, in the leading terms provided by FA, there are five additional terms in the FA of the La2010d* eccentricity solution. These terms, g4 − g3, g2 − g1, g2 − g5 − (g4 − g3 ), g3 − g2, and g4 − g2, are in column 6 of Table 3 . We use these terms to test the consistency of the results. We compare the values obtained by FA on the Newark-Hartford data with the corresponding combination of the previously determined values for g1 through g4 (with g5 considered a constant). The differences are very small and are reported in column 5 of Table 3 . The correspondence of the 10 eccentricity terms reported in Table 3 is striking, and it is desirable to quantitatively examine whether such a close fit is due to chance. Among these 10 terms, we will not consider g5, because it is assumed constant. Also, we will not consider g2, because the Newark-Hartford data are tuned to the g2 -g5 term. We will not consider g4 -g3, as we chose the La2010d* solution, because g4 -g3 is close to g4 -g3 of the Newark-Hartford data of Early Mesozoic time. There remain seven frequencies in the Newark-Hartford data that are extremely close to the main La2010d* frequencies. Considering that these seven frequencies are among the 12 terms of largest amplitude of the Newark-Hartford data (after disregarding the g2 -g5 and g4 -g3 terms), we performed a statistical experiment with 33 billion draws of 12 frequencies in the [0.20 ″/y] interval. The probability that the close match of 7 of 12 terms of the Newark-Hartford to the La2010d* frequencies is due to chance is less than 5 × 10 and on the order of 10 −11 when only seven frequencies are considered (SI Appendix, Figs. S13 and S14). We can thus be very certain that the recovered frequencies in the Newark-Hartford data are actually the secular frequencies of the orbital motion of the Earth, and it is remarkable to see the high precision with which these frequencies are determined (Table 3) . While similar values were calculated for the NBCP data in 1999 (22) , these values are much more precise and accurate and pass the stringent tests inherent in the relationships among the secular frequencies, their expression in orbital eccentricity cycles, and their independent UPb-based age model. It is worth noting that the difference between La2010d* and the Newark-Hartford measurement for the secular fundamental frequency of the precession of perihelion for Mercury of 0.050 ″/y (Table 3) is nearly an order of magnitude less than the 0.430 ″/y contribution of General Relativity in the precession of perihelion of Mercury (e.g., refs. 2, table 4 and 36).
Other Geologic Expressions of the Mars-Earth (g4 -g3) Cycle in the Newark Basin The existence of an ∼1.75-My cycle in the Triassic age strata of the Newark Basin was first inferred from outcrop data (18) , although a 2-My period was estimated at that time. Based on this analysis, that intervals of maximum precessional variability at the peaks of this cycle contain all of the formally named members of the vast Passaic Formation, such as the Perkasie Member, which was originally recognized as distinctive in 1895 (37). These intervals also tend to be the units most easily mapped and the units with the most fossils (9), all of which are evidence of the tangibility of these Grand Cycles (SI Appendix, Figs. S15 and S16).
Synthetic seismic traces generated from the borehole data of the NBCP show the Grand Cycles (SI Appendix, Fig. S15 ). When tied to deep industry exploratory borehole records from the Newark Basin, themselves tied to seismic lies, both the JupiterVenus 405-ky and Mars-Earth 1.75-My cycles can be clearly seen as the most coherent components of the seismic profiles across the basin (38) (SI Appendix, Fig. S15 ). Presumably due to differences in cementation expressed in sonic parameters, the topographic expression of the deeply eroded tilted strata of the Newark Basin section also reveals the Grand Cycles, which can be seen from space, with ridges reflecting time intervals of highprecessional variability and valleys reflecting low-precessional variability that can be directly tied to the stratigraphy (SI Appendix, Fig. S16 ), much as bundles of plausibly obliquity-related rhythms can be seen in crater walls (39) or polar-layered deposits (40) on Mars.
Comparable Early Mesozoic Results
Thus far, Mesozoic records of astronomical forcing have tended to rely on "floating" astrochronologies or highly tuned records. By designing an experiment in a completely different region, CPCP-1, a globally exportable paleomagnetic and U-Pb-based correlative timescale was produced that validated the NH APTS.
In so doing, we show the strong fidelity of the 405-ky JupiterVenus cycle as predicted by astronomical solutions, which in turn, allows us to recognize deviations from current astronomical solutions extrapolated from the ∼60-Ma limit of reliability, especially for the cycles with periods longer than 405 ky.
Pelagic ribbon-chert sequences from Japan have been correlated to the Newark-Hartford data through mainly biostratigraphic webs and carbon isotope stratigraphy (41). These show remarkably similar periods for the Mars-Earth orbital eccentricity cycle. As with the Newark and Hartford Basins, these were deposited in a tropical environment, albeit in the middle of the Panthalassic Ocean (41). In these data, the most prominent low-frequency cycle has a period that varies between 1.8 and 1.6 My, estimated by counting putative climate precession chert-clay couplets. As with the Newark-Hartford data, there does not seem to be any influence of obliquity.
The Early Jurassic age (Hettangian-Sinemurian) epicontinental marine Bristol Channel Basin (United Kingdom) sequence is precession dominated, expressing eccentricity cycles (42-45), and has a well-developed astrochronology and paleomagnetic polarity stratigraphy that parallels that in the NewarkHartford composite. Based on polarity stratigraphy correlation to the NH APTS (43), the 405-ky cyclicity is in phase with that in the Newark-Hartford section and shows an amplitude modulation in phase with the g4 -g3 cycle in the radioisotopically anchored Newark-Hartford composite (43, 44). Paleomagnetic polarity correlation between the Newark-Hartford composite to the Bristol Channel section and ammonite-based correlation of the Hettangian-Sinemurian boundary from the Bristol Channel section to the marine Pucara Group (Peru) allows zircon U-Pb ages to be exported to the Bristol Channel and the NewarkHartford Jurassic sections. The Pucara section has many zircon U-Pb CA-ID-TIMS dated ash layers with ages (46, 47) in agreement with both the Newark-Hartford and Bristol Channel Basin astrochronologies (44). An alternation in intensity of cycles attributed to climatic precession suggests a hint of obliquity pacing in the Bristol Channel data (42, 45) consistent with its higher-latitude position during the Early Jurassic (∼32°N) relative to the Newark-Hartford record (∼21°N) (10) . A similar, stronger indication of obliquity is in results from higherlatitude Rhaetian coal-bearing sequences of the Sichuan Basin in China (48). O benthic Megasplice has a less resolved structure than the Newark data. This is also seen in the MTM spectrum. The short orbital eccentricity cycles are well resolved as is the Jupiter-Venus 405-ky cycle; however, all of these cycles were used in tuning the geologically older records that comprise the Megasplice, while geologically younger parts used an age model based on the Lisiecki and Raymo (50) model termed LR04 that incorporated an ice model using the Laskar 1993 solution (La93) (51) for tuning the individual records that make up the LR04 stack; therefore, their agreement with the orbital solutions is not independent (Fig. 6 ). The obliquity modulating cycles (Fig. 6 ) are like the eccentricity cycles in that all of the frequencies are combination tones of s1, s2,. . .s5, which are related to precession of the node of each planetary orbit (e.g., s5 is related to the precession of the nodes of the orbit of Jupiter). We can even use the term Grand Cycles of obliquity to refer to the ensemble of long-period cycles.
The MTM spectrum of obliquity shows what should be expected in the Newark or δ
18
O benthic Megasplice if obliquity was a major component of the records. There is no obvious signal that can be assigned to combinations of the Grand Cycle s1, s2,. . .s5 secular frequencies in the Newark-Hartford data, although there could be confusion between the obliquity cycles around 100 ky and the short eccentricity cycles. Surprisingly, however, there is also no clear obliquity signal in the MTM spectrum of the δ
O benthic Megasplice as represented here either, although some beats, especially the 1.2-My (s4 − s3) Grand Cycle, are evident in the wavelet spectrum, and they have been reported from the older components of the δ 18 O benthic Megasplice, not examined here, and used to constrain astronomical solutions (52). Based on the wavelet spectrum, the obliquity Grand Cycles are smeared out in the younger part of the Megasplice record. This is despite the fact that obliquity and its longer-period modulators are known to be a significant part of the pacing of climate as seen in some of the records making up the Megasplice and high-latitude nonmarine records (52-54). Whether this reflects real aspects of the climate system, perhaps dampened by low CO 2 ; mixing of signals from different parts of the climate system; the δ 18 O proxy itself; or issues with tuning requires much additional work.
Grand Cycles and the Roadmap to Solar System Chaos
The results from the wavelet, MTM spectra, and FA of the Newark-Hartford data (Figs. 5 and 6 and Tables 2 and 3) are remarkable, because while the calculations of the Grand Cycles from the short eccentricity cycles in the 0-to 22-Ma data are due to their necessary linkage in the way that the astronomical solution is deconvolved and the secular frequencies are resolved, the succession of rock layers 210 My old has no such necessary linkage; it can only result from the sedimentary record of the climate response to the same physics that are imbedded in the 0-to 22-Ma eccentricity solution playing out in time. The differences between the current g1 through g4 values (column 7 of Table 3 ) and their Newark-Hartford FA determinations (column 4 of Table 3 ) are, therefore, significative and most parsimoniously explained as the result of chaotic diffusion in the gravitational interactions of the Solar System. In particular, the drift of g4 − g3 from the 2.36-My present value to the 1.75-My period observed in the Newark-Hartford data can be considered as direct geological evidence of the chaotic behavior of the Solar System.
Strong evidence for Grand Cycle orbital eccentricity pacing of climate is widespread in the lower latitudes during the Late Triassic and Early Jurassic. However, the results presented here suggest that the present astronomical solution for eccentricity does not fit the frequency data well for this time period (Table  3) . We found a good match with the La2010d* solution, but it is expected that a more systematic search of the possible variations of the astronomical solutions could lead to an even better match. The important result for the Newark-Hartford data is to provide precise values for the Triassic-Jurassic secular fundamental frequencies g1 through g4 that could be considered as a reference point and used as an anchor for the search of orbital solutions that could match the past orbital evolution of the Solar System as recorded in the sedimentary data.
However, a major contributor to the chaotic behavior, in fact its signature (30) , is related to the Mars-Earth secular resonance (g4 − g3) − 2(s4 − s3) (now in libration; i.e., oscillation in phase space) and its possible transitions to and from (g4 − g3) − (s4 − s3) (circulation; i.e., rotation in phase space), with the resulting 2:1 vs. Fig. 3 ) was used to conform to the depth rank data as opposed to the 0-to 24-Ma color data (Fig. 3) . Periods above each spectrum are labeled where there is both high power and a high f significance level. Newark-Hartford data are tuned only to the 405-ky Jupiter-Venus cycle (g2 -g5), while the δ 18 O benthic Megasplice (50) is a composite of several records individually tuned to a suite of periodicities, including all of the major eccentricity periods from 405 to ∼100 ky for the older records and obliquity and the LR03 stack for the younger ones (50) (SI Appendix).
1:1 periods of the eccentricity and obliquity Grand Cycles (Fig. 7A) . Because the Newark-Hartford data show no clearly discernible obliquity pacing, the mode of 2:1 vs. 1:1 resonance in the secular frequencies cannot presently be determined for this time interval. While there has been some recent progress with tantalizing results (55), the transition from the 2:1 vs. 1:1 periods has yet to be unambiguously observed in suitably long records, and it is possible that it has never occurred, although most numerical solutions show it. To obtain a result for the Triassic-Jurassic secular resonance, suitably long (>10-My) contemporaneous high-latitude records that would be expected to show a strong obliquity pacing are needed. For example, the continental and coal-bearing Triassic-Jurassic ∼70°N Junggar Basin section shows strong hints of obliquity forcing interpreted to be a 2:1 ratio of eccentricity to obliquity Grand Cycles (∼1.6:0.8 Ma) , but that section lacks an independent geochronologic or paleomagnetic polarity timescale, although it does exhibit 405-ky periodicity (44). Cores spanning tens of millions of years from such a section would permit a high-resolution paleomagnetic polarity record to be developed from the basin (extremely difficult to do in outcrop in these gray and black strata because of weathering) that would allow correlation to the NewarkHartford data and presumably resolve the mode of resonance in the eccentricity and obliquity Grand Cycles. This would be a full proof of concept of the Geological Orrery.
If the resonance is in the 2:1 ratio for the latest Triassic and earliest Jurassic as the preliminary interpretations suggest, this finding would only apply to that particular time, and we still cannot show when or if the 1:1 situation ever happens. There are strong hints that even longer astronomical cycles with periods of ∼8-9 and ∼36 My (41, 56) may modulate the Grand Cycles, and these modulations could be confused with actual changes in secular frequencies or tectonic influences in records that are too short. To examine these potential empirical phenomena will require careful concatenation of multiple long records with appropriate properties, including independent geochronology, all accurately recording low and high frequencies that pass the types of rigorous tests outlined here.
A complete Geological Orrery would consist of multiple sets of paired low-and high-latitude records (preferably cored to ensure superposition and continuity) spanning the Paleogene to Permian and beyond, with even deeper time highly desirable. When combined with the existing record from the last ∼60 My, the last ∼250 My of Solar System history would be covered. The empirical mapping of the secular frequencies of the Grand Cycles in eccentricity and obliquity over this time interval (including the transitions in secular resonances should they occur) would constitute an entirely new empirical realm to test Solar System evolution, astronomical solutions, and gravitational models. By constraining the past evolution of the speed of perihelion of Mercury g1, the results would provide mechanisms to constrain the evolution of the flattening parameter J2 of the Sun and further test General Relativity and its alternatives (3) .The constraint on the past evolution of the other secular frequencies may be used to limit the existence of additional planets and examine predictions of galactic disk dark matter interactions with the Solar System (56, 57). The results would also be important in efforts to tune radiometric decay constants for geochronology and to produce accurate solar insolation targets beyond 60 Ma.
Materials and Methods
Core used in this analysis originates from three sedimentary basins in North America (SI Appendix, Fig. S1 ): the cores from the seven NBCP core sites (Newark Basin), the Passaic River Diversionary Tunnel Army Corps of Engineers (ACE) cores (Newark Basin), the Silver Ridge Core (Hartford Basin), the Park River Cores (Hartford Basin), the Metropolitan District Commission (MDC) cores (Hartford Basin), and the Colorado Plateau Coring Project, Petrified Forest National Park, 2013 1A (CPCP-PFNP13-1A) core (Colorado Plateau). Details of locations are given in SI Appendix, Table S1 .
MTM spectra (Figs. 3, 4 , and 6 and SI Appendix, Fig. S9 ) were developed using Analyseries (2.0), which was also used for filtering, interpolation, etc. (58), and the wavelet spectra (Figs. 2, 3 , and 5 and SI Appendix, Figs. S6 and S12) were computed using the Matlab script of Torrence and Compo (59) (paos.colorado.edu/ research/wavelets/). For all data, Analyseries (2.0) was used for interpolation and for the time series based on the Laskar 2004 solution (29) , which in the case of the last 0-24 Ma, is not significantly different from more recent solutions (5) . The FA method is described in refs. 30 and 31 and has been used with its implementation in the TRIP software, which is documented and freely available at https://www. imcce.fr/trip/. The TRIP source code used in this work is given in SI Appendix. Work on the NBCP and CPCP-1 cores was conducted at the Rutgers Core Repository as described in ref. 12 , and CPCP-1 core analysis and documentation were conducted at the LacCore facility at the University of Minnesota (11).
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project was funded by NSF Grant EAR 8916726 (to P Core and outcrops used in this analysis originate from three sedimentary basins in North America ( Fig. S1; Table S1 ). Derived from these basins are the following archives: Seven Newark Basin Coring Project (NBCP) cores from seven sites (Newark Basin); the ACE cores (Newark Basin); the Silver Ridge Core (Hartford Basin); the Park River cores (Hartford Basin); the MDC cores (Hartford Basin), outcrops in the Hartford Basin (from ref. 1) and the CPCP-PFNP-13-1A core (Colorado Plateau) (3). 
Newark-Hartford Data
NBCP cores were composited following the procedures in ref. (2) and completely redone, because there were a number of small errors in the original compilation. In brief, in instances where there is a core 1 and 2 at a single site, 1 the data were concatenated using lithology as the primary tool for correlation. Where there was no clear lithological marker the gamma and sonic logs were used to correlate the two holes, as with Martinsville and Weston Canal. The cores were then stretched and registered to the holes by matching core hole and core gamma (provided by drilling operator AMOCO) peaks except in the case of Weston for which there is no core gamma (drilled by Longyear Inc.). Each core record was scaled to Rutgers using the factors described in (2) .
The original composite depth series for the Newark-Hartford cores was interpolated in the recorded drilling units (decimal feet) with an increment of 0.4 ft (0.123 m), except for what is represented in Fig. 3 where 0.5 ft was used. This was to avoid additional roundoff errors. Results are generally presented in meters or both meters and feet.
Compositing the NBCP geophysical logs. The composite gamma and sonic logs have been assembled from seven down-hole logs using the same scaling factors as above (2) . For natural gamma ray data, the compositing was fairly straightforward because there was no major down hole trends. However, the overlapping intervals of adjacent cores had to be scaled to each other in amplitude (Fig.  S2) . Compositing the sonic velocity data was not as straightforward. As can be seen in Fig. S2 , there are strong trends related to the surface, and each trend requires a different type of detrending that introduced additional degrees of freedom. The detrending was done only on the data below the patch on each successive log (Fig. S2) . Unfortunately, a residuum of low frequency artifacts cannot be removed and reduces the integrity of the data.
In the Martinsville core, the presence of fracturing around a small fault (probably strike slip) at 2348 feet in log units made a small correction necessary in the sonic velocity data. First a notch filter was used to remove the lowest frequency component corresponding to the fault. The interval 2228-2468 ft was detrended using a sixth order polynomial fit. (Y = -1.06017426E
-11 * X 6 + 1.4915498347E -7 * X 5 -8.74059596210677E -4 * X 4 + 2.73084509212887 * X 3 -4797.66288535135 * X 2 + 4493817.46968625* X -1753252476.23519). The Martinsville corrected sonic log was then linearly detrended. For Weston Canal the sonic log was detrended using logarithmic regression using 3.32698017859222 * Ln X + 91.978239908426. The other borehole logs were detrended linearly. ) and Boonton (PT-10, PT-9, PT-8, PT-7, PT-5) cores was straightforward because they are all drilled close together along the Passaic River Tunnel, they have a pronounced cyclicity, and there is substantial stratigraphic overlap and in several cases nearly complete overlap (e.g., C-128, . This complication is as described in ref. (8) . Note that PT-5 is erroneously recorded, as PT-6 in ref. (8); PT-5 does not exist.
Feltville Formation Compilation: ACE cores of the Feltville Formation (PT-26, C-93, DH-9, PT-1B3) were not as straightforward to compile because several were legacy cores, not drilled on the tunnel transect with only one being used (i.e., DH-9). In general, the core holes tended to be considerably shallower, and the upper three quarters of the formation lacks definitely distinctive lacustrine units, complicating correlation. Although the NBCP core Martinsville no. 1, spanned the entire formation the lower part of the Feltville Formation is clearly condensed relative to the ACE cores, distinctly redder, and not representative of the formation (Fig. S3) . Hence the cores were linked with the most distinctive beds, and all were compiled with the same depth scale, the upper (~24 m, 80 ft) of the Martinsville no. 1 being used to complete the section (Fig. S3) . That the use of the ACE cores as opposed to all of the Martinsville no. 1 core was appropriate is indicated by the near perfect match between the ACE cores of the lower Feltville and Silver Ridge B-1 core in the lower Shuttle Meadow Formation of the Hartford Basin, which is in a deeper water facies and better developed cyclicity (Fig.  S3) . Table S1 . Note the thinning and onlap of the lower Feltville Formation with the ACE core composite closely approximating the proportions of the correlative lower Shuttle Meadow Formation which has much higher amplitude cyclicity as evidenced in the Silver Ridge core (7).
Splicing lower East Berlin Formation into the Towaco Formation.
The concept behind the splice is based on the observation that based on the MDC cores, the upper three-quarters of the East Berlin Formation of the Hartford Basin is nearly a perfect match for the Towaco Formation, based on the ACE cores, there is no equivalent to the lower East Berlin in the Newark Basin (Figs. S4 and S5) . Instead, the stratigraphic position of the lower East Berlin is occupied by two lava flows of the Preakness Basalt that have no positional or chemical match in the Hartford Basin. There is a very close match between the two lower flows of the Preakness Basalt and Holyoke Basalt (f1 and f2). In both cases, the lowest flow (f1) is not laterally continuous over the basin, which the second flow (f2) is. Apparently, the pillowed flow, f3, of the Preakness Basalt is equivalent to the lower gray and black Van Houten cycle in the basal East Berlin. The same pattern was identified in the Deerfield Basin in which the lower Turners Falls Formation has cyclostratigraphy not seen in the Newark Basin and only two flows, which match f1 and f2 in the Hartford and Newark basins. In all three basins, flow 1 tends to be pillowed, and f2 has unusual but similar paleomagnetic directions that has long suggested they are exactly contemporaneous flows or perhaps the same flow (9, 10) . The basal Turners Falls Formation also has two weakly expressed Van Houten cycles with laminated purplish red high-stand beds that are in the same position of the lowest gray and black Van Houten cycles of the East Berlin Formation as seen in the MDC cores. It is noteworthy that these two cycles become much less gray laterally and are almost entirely red at Spruce Brook, Berlin, CT (41.601418, -72.737044). We chose to splice the lower East Berlin Formation onto the Towaco Formation ACE cores, because of the higher accumulation rate in the Towaco and higher accumulation rates tend to have less variation in average accumulation rates, based on the quality of the spectra. The Towaco and Lower East Berlin formations were spiced together by scaling the MDC East Berlin Formation section (cores BD-227A and BD-255) to the lower Towaco Formation (Fig. S5) . For fiducials we use the base of the dark mudstones in the lowest of the three middle black-mudstonebearing cycles (the uppermost of which contains the Pompton Ash), and the lowest of the prominent dark mudstone-bearing cycle in the lower third of the formations. The ratio of the correlative intervals in the Towaco and East Berlin formations, so defined, is 2.860388114, which was used to scale the lower East Berlin Formation section to the Towaco Formation. The top of the composite BD-227A Table S1 . 
Thickness Wavelets of Newark Hartford Composites
All composite sections were interpolated to 0.4 ft and processed using the Matlab script WAVELET of ref. (14) using the following script parameters: pad = 1, depth series was padded with zeroes; dj = 0.25, 4 sub-octaves per octave; s0 = 3*dt; x axis starts at a scale of 4*0.4 feet; j1 = 11./dj, periods expressed as 11 powers-of-two with dj sub-octaves each; lag1 = 0.72; autocorrelation for red 
Comparison Between Depth Rank data and Reflection Coefficient Data
A composite section for depth ranks of part of the Somerset and Rutgers cores from 3726 to 7466 ft (998.5 to 2275.6 m) in the composite NBCP record (Passaic, Lockatong, Stockton) were interpolated to 0.5 ft and processed using the Matlab script WAVELET of ref. 14 using the script parameters as the overall depth sections (see above). The MTM and Blackman-Tukey coherence spectrum were produced using Analyseries. Within the MTM function, we removed the linear trend, used the default confidence vs. resolution (4, 4pi tapers). The f-test results were averaged for display in Fig. 3 . The coherence spectrum in the Blackman-Tukey spectrum function was also computed using the default values with a Bartlett window, with a bandwidth of 0.00119332, 80% confidence, and 30% autocorrelation. Non-zero coherence is higher than 0.384442, and coherence and f-test values greater than 0.5 are displayed in Fig. 3 . The reflection coefficient data were computed using the sonic velocity and density logs following the procedure in ref. (17) and analyzed exactly the same way as the depth rank data.
Cycles Versus Ages and period of the Jupiter-Venus Cycle
Kent et al. (1,4,18 ) and Kent and Olsen (19) used the lithologically-based members of the Passaic Formation, themselves based on the lithologically-defined McLaughlin cycles to develop the Newark-Hartford APTS. Kent et al. (16) then used these typological McLaughlin cycles to estimate the duration of the long-eccentricity cycle in the Newark Basin NBCP cores (Table S2) . They used the 8.48 My age difference between the U-Pb-dated tie points at 210.08 Ma for the Black Forest Bed in CPCP PFNP core 1A correlated to Chron E16r corresponding to cycles 20.87-21.60 (centered at cycle 21.24), and 201.6 Ma just below the first Newark Basin CAMP basalt at cycle 0.25. This implies a cycle period of 404 ky which is within 1 ky or 0.25% of the hypothesized 405-ky period (20) .
Using a similar typological approach focused on the interval covered by the paleomagnetically-defined correlation interval in the CPCP PFNP core 1A and the NBCP, there is significantly more uncertainty because of the shorter interval (4.0 My). Projecting the four zircon UPb dates from CPCP-13-PFNP 1A into the NBCP cores using linear regression (y=0.06978x+17.01869, R² = 0.98412) the McLaughlin cycle has a period of 369±85 ky. If we do not use the one age (i.e., 177Q1: 212.81±1.25 Ma) with a mean that is out of stratigraphic order (although within it when taking into account the analytical uncertainties) the McLaughlin cycle period is 417±14 ky. If we include the Newark Basin CAMP dates from Blackburn et al. (13) the interval is now 13.2 My in duration and the McLaughlin cycle has a period of 401±12 ky.
In order to identify cycles numerically as opposed to typologically, for the pre-basalt flow section, we filtered the untuned NBCP depth rank section (depth ft at delta t of 0.4 ft) with a bandpass filter in Analyseries using a frequency of 0.0042 cycles/ft (same as used for initial tuning steps) and bandwidth 0.002 cycles/foot and a Gaussian window (Fig. S7) . We identified peak-to-peak cycles at the local maximum value. To project the relative positions of the CPCP zircon U-Pb dates on the NBCP section we linearly regressed the CPCP polarity boundaries (from ref. 16 We used a similar approach to identify the cycle position of the zircon U-Pb dates of Blackburn et al., (2013) in the composite ACE-MDC core section (Table S3, Fig. S7 ). Because the thickness of the cycles identified as the 1330 ft (405.4 m) is so much thicker compared to the average in the rest of the NBCP (~238.1 ft, 72.6 m), the determination of the cycle position in Blackburn et al. (2013) was done separately using a bandpass filter in Analyseries using a frequency of 0.00072 cycles/ft and bandwidth 0.00014 cycles/foot with a Gaussian shape window. This method does NOT rely on the a priori identification of cycles or a tuning of cycles to an assumed period and therefore less subjective (Fig. S7) . Using this numerical method, the long modulating cycle has a period of 365±84 ky using all four CPCP radiotisotopic dates, 413±12 ky using the three CPCP dates that are in stratigraphic order, 398±12 ky using all four CPCP dates and the Newark Basin CAMP dates, and 410±02 ky using the three CPCP dates in stratigraphic order and the Newark Basin CAMP dates. This exercise demonstrates that the CPCP and NPCP dates identify a prominent cycle within a few thousand years of 405 ky regardless of the counting method employed. *Based on NBCP-ACE-MCD depth rank composite (0-3330 ft) **Based on NBCP depth rank composite only (Fig. S6) .
For Figure 4 of the text, the simple age model for untuned NBCP data using zircon U-Pb CA-ID-TIMS dates from basalt flows in the Newark Basin section, the MTM spectra were produced using Analyseries 2.0 with a default of 6, 4pi tapers. 
Comparison of Depth Rank data to Instrumental Chemical Data
The depth rank scale of relative water depth is based on a subjective, although meaningful, classification and ranking of sedimentary facies related to relative water depth and relative permanence of water. We use XRF chemical data acquired using an ITRAX core scanner at LDEO to compare the time series spectral characteristic a sequence of the lower Tumble Falls Member of the Lockatong Formation with depth ranks (Fig. S8).   Fig. S8 . ITRAX XRF data from lower part of the lower Tumble Falls Member of the Lockatong Formation in the Titusville no. 1 core. Note that the grayed data in the Fe peak area has been clipped for use in the spectra in Figure S9 .
All scans were conducted using an Rh tube kept at a constant voltage (30 kv) with a beam area of 22 mm x 100 um. All sections of core were unsplit and scanned over 5 mm intervals with 30 second count times. Output is in the form of peak area, which reflects the relative concentration of each element. The MTM spectra (Fig. S9) for depth rank (dr), S, and Ca for the interval scanned from the Titusville core (Analyseries 2.0: 2.7pi, 4 tapers). Ca, S and Fe results reproduce depth rank at lower frequencies consistent with the 100-kyr eccentricity and 25 -18 kyr climatic precessional cycle but also capture additional, higher-frequency cycles with periods at ~ 10 kyr and ~ 5 kyr. The latter high frequency cycles can be seen in the data (Fig. S8) . They could be edge effects of redox boundaries at the contacts of contrasting lithologies with different TOC contents, or they could represent actual climate signals in the hemi-precession range. While it would be highly desirable to have such instrumental measurement on the entire Newark-Hartford core data set, this has to yet be accomplished because of the magnitude of the undertaking. 
Tuning to the 405 ky Jupiter-Venus Cycle
Once we established that the 405 ky cycle is stable from the present at least back into the Triassic and that the overall sequence lacks significant gaps using a simple age model (Fig. 4) , it is appropriate to tune the Newark Hartford data to the 405 ky cycle. This was done in a similar procedure to in ref. (21) using just the NBCP Passaic, Lockatong and Stockton data because the accumulation rate is nearly an order of magnitude higher for the younger strata interbedded with and overlying the CAMP flows using the newly compiled data, not that used in ref. (21) , although the differences are hardly noticeable. We first filtered and smoothed the color and depth rank data using Analyseries. For filtering, we used a frequency of 0.0044 cycles/ft and bandwidth of 0.002 cycles/ft (Gaussian) which was broad enough to capture most of we felt was the range of McLaughlin cycle thicknesses in the NBCP data. Smoothing was done with a least-square (Savitzky-Golay) smoothing with a degree 2 polynomial (using the FFT) that was symmetric with 401 points and boundaries with an assumed value of 0. We then averaged the smoothed color and depth rank series (Fig. S10) .
We used the averaged smoothed NBCP data to tune the sequence using the splinage function in Analyseries. We used the smoothed color and depth rank averaged data to tune to the 405 ky cycle because smoothing makes looser assumptions about the frequency properties in the data (Fig. S10) than filtering. We picked the maximum values for the waves thought to be representative of deepest and most permanent water except where there was some remaining structure such as two very close maxima using the filtered data as a guide. The peaks in the filtered data match nearly perfectly those in the smoothed data. The maxima in the smoothed data were then correlated to the maxima of the 405 ky cycles (Fig. S10) . We did not attempt to tune the Stockton Formation below the fluvio-lacustrine Raven Rock member because that part of the sequence seems entirely fluvial. The resulting tuned NBCP composite time series has the same basic age-depth relationship (Fig. S11) , as seen previously (1, 21) , differing only in small details. We can now, however add the Newark ACE, and Hartford data, and obtain the Newark-Hartford composite of accumulation rates (Fig. S11) . Because of the nearly order of magnitude increase in accumulation rate evident at the onset of CAMP volcanism in the Newark Basin, to which the Hartford data are scaled to, we used the zircon U-Pb age data (13) to scale the Newark ACE and Hartford data to the tuned NBCP data to which it was then concatenated. We filtered the 405-ky-tuned time series with a 1/0.405My filter (2.46914 cycles/My, a bandwidth of 0.5 cycles/My, and a Gaussian shape filter) and mapped the peak values of the 405 ky cycle onto the untuned section in thickness to obtain the age-depth data younger than 201.520 Ma in Fig. S11 . We smoothed the color and depth rank series using Analyseries 2.0 (Leastsquare -Savitzky-Golay -smoothing with degree 2 polynomial using FFT; symmetric with 401 points and boundaries: with a value of 0. For the accumulation rate we used the rate data directly from the Splinage function in Analyseries, but use a simple difference for the data younger than 201.520 Ma (Fig. S11) . 
Wavelets of Newark Hartford Composites in Time
Newark-Hartford 405-ky-tuned gamma, sonic velocity, color, and depth rank data and their wavelet spectra are shown in Fig. S12 . All composite sections were interpolated to 1 ky and processed using the Matlab script WAVELET of ref. (14) using the following script parameters: pad = 1, depth series was padded with zeroes; dj = 0.25, 4 sub-octaves per octave; s0 = 3*dt; x axis starts at a scale of 3 ky; j1 = 11./dj, periods expressed as 11 powers-of-two with dj sub-octaves each; lag1 = 0.72; autocorrelation for red noise background; and Morlet, was used as the mother wavelet. The results for all the data sets are shown in Fig. S6 .
For the natural gamma log we transformed the spliced depth data to log2 to reduce the "spikiness" of the data prior to producing the wavelet analysis. The precession index (parameter) (expressed as the standard deviation) series was obtained directly from Analyseries based on the Laskar 2004 (22) Table 6 ). The obtained values are displayed in Table S4 , together with the name of the corresponding arguments (col. 1) that are all of the form gi-gj, except (g2-g5)-(g4-g3) which involve 4 frequencies. In order to verify the values obtained with the MTM analysis, an independent analysis has been used over the same set of data, with a totally different method, that is the method of frequency analysis (FA) that has been developed by Laskar (24, 25) to derive precise quasiperiodic approximations from the output of a numerical integration of a dynamical system. This method has a strong theoretical background (25, 26) and has been used in the analysis of numerous dynamical systems. While both the MTM and FA methods are ultimately based on Fourier analysis, it is remarkable that the direct use of the frequency analysis algorithm, as given by the "naftab" routine of the freely available TRIP software (https://www.imcce.fr/Equipes/ASD/trip/) (see below) provides almost the same result as the one obtained by the MTM method ( Table S4) . The most striking feature of these values, when compared with the equivalent terms of the La2004 (or La2010) solutions (see ref. 22 , Table 6 ), is the very different value of the period of the g4-g3 orbital eccentricity term, which amounts to 2373 kyr in the La2004 solution. This argument has a particularly important meaning, as it is in part responsible for the chaotic behavior of the Solar System (see refs. 20,22,24) . This unusual feature was observed a by Olsen in 1986 (27) , but the new confirmation of the validity of the tuning with the 405 ky astronomical term (16) allows now to retrieve the astronomical signal in the geological data with more confidence. 
Chaotic diffusion of the Solar System
The Solar System motion is chaotic (24, 28) . This is due to the presence of several secular resonances (i.e., resonances in the precessing motion of the orbits of the planets), and in particular of the (s4-s3) -2(g4-g3) resonance. At present, g4-g3 has a period of about 2.4 My, and s4-s3 a period of 1.2 My. The associated argument is in libration, like the small oscillations of a pendulum (see ref. 20 , Fig. 12 ). As times goes on, there can be some transition from libration to circulation in this argument, and the (s4-s3) and (g4-g3) frequencies will drift and no longer be in a 2:1 ratio. This is not observed in the most recent 50 Myr, for which the orbital solution can be retrieved (20) but is expected to have occurred further in the past. Despite some attempts to exhibit such a transition in the geological data (29, 30) , we are still lacking some convincing evidence that this event actually occurred. We will nevertheless show here how the Newark-Hartford data can be considered as the most convincing evidence of this chaotic diffusion.
The 1.747 My period can be reached by chaotic diffusion of g4-g3. Due to the chaotic nature of the motion of the Solar System (24,28), it is not possible to retrieve its evolution from the only knowledge of the present initial conditions beyond about 60 My (20, 31) . It is thus not possible to directly compare the NH data to a numerical integration of the Solar System. On the other hand, although it is not possible to retrieve the precise solution of the Solar System, it is possible to search for its possible behavior in the past. Indeed, any numerical integration extending in the past beyond 60 Myr will only show one of the possible paths for the Solar System orbital evolution. In Fig. 7B , we plot the past evolution of the g4-g3 period for 13 different orbital solutions that were generated with a very accurate model of the Solar System, with initial conditions and parameters that are close to our most precise determinations. One of these solutions is the widely used La2004 solution (22), 7 of them are listed in Table 2 of (22), and the 5 remaining ones were generated as variants of these 7 solutions, with minor modifications of the model or initial conditions. The reader should refer to refs. 22 and 20 for a precise description of the models and methods used to obtain these numerical solutions. The g4-g3 term is very sensitive so small drift of the solution due to chaotic diffusion. Over the first 40 My, all solutions behave the same way. Then, the older solution La2004 (in bold red in Fig. 7 ) slightly differs from the others that are all close to the various La2010 variants. These solutions are still very close up to 50 Myr, and then differ in a large extend. This divergence of path can be considered as an illustration of the impossibility to make a prediction beyond 60 My. Their variety of behavior illustrates the extent of the possibilities for the past evolution of our Solar System. Specifically, in Fig.  7B , the value 1747 kyr of the g4-g3 period is represented by the horizontal green line. Among the 13 solutions, 4 go below the 1747 ky period line, and 4 come very close to it. In order to test how much the Newark-Hartford data can be compared to the astronomical solution, we have thus selected among these 13 orbital solutions one of them and a time interval where the g4-g3 period will be close to the 1747 ky value during a time interval that is close to the extent of the NH data. A good example is thus given by the La2010d solution from (20) in the 209-231 Ma time interval. The largest 10 periodic terms of the eccentricity solution of La2010d over 209-231 Ma, obtained by frequency analysis (24, 25) are displayed in Table S6 , and reported in Table 3 , col. 4. In the following and in the main text, we will call the part of the solution La2010d over the time interval 209 -231 Ma, La2010d*, while La2010d will represent the same solution in the most recent 0-20 Ma time interval. The numerical solution comprises all planets and all variables. All fundamental frequencies are thus easily identified, and the corresponding combinations of frequencies (Table S6 , col. 4) are recognized without ambiguity (see also ref. 22, Table 6 ). In the Earth eccentricity La2010d* solution, the g 4-g3 is the 10th term in amplitude, with a 1793 ky period, very close to the 1747 ky period observed in the FA of the NH data. All terms that are highlighted in Table S6 are reported in Table S4 , col. 2 and col. 5. Determination of the secular frequencies from the Newark-Hartford data. In Table S4 , only combinations of frequencies are reported, and not the individual frequencies, gi. We can nevertheless recover these frequencies with minimal assumptions. This can be considered as a critical test showing that we are actually recovering the eccentricity signal in the NH data. The NH data has been tuned to the g2 -g5 405 ky term which cannot be used for confirmation of the validity of the results. The g5 frequency is extremely stable (e.g., ref. 20, Table 6 ). We will thus assume that its value has not changed significantly over the past 250 Ma, which is indeed observed when comparing the g5 value in La2010d* and in La2010a (note that La2010d* is over 209-231 Ma , while La2010a was analyzed over 0-50Ma). As g2-g5 was kept fixed, g2 also has not changed from its La2010a value (Table 3 , row 5), but this is expected as g2-g5 has been used for the tuning. However, this is still a check of the validity of the tuning and spectral analysis method. Now comes the most interesting part. Using only the constancy of the g5 term, we can recover the g1, g3 and g4 frequencies from the terms g1 -g5, g3 -g5, and g4 -g5 obtained from the NH data either by MTM method (Table 3, col. 3) or by Frequency Analysis (Table 3, col. 4) and are highlighted in green. The recovered frequencies are close to the nominal La2010a actual values, but they are even closer to the La2010d* values (Table 3, col. 6). The most striking example are the g3 and g4 frequencies. Using frequency analysis (FA), their recovered values are 17.246 "/yr and 17.973 "/yr. They are not far from the La2010a values, but extremely close to the La2010d* ones (the differences FA-La2010d* are in col. 5). This solution has been selected on the basis of its g4-g3 value, so we expect to recover a close value for g4 -g3, but here, the individual values of the frequencies also matches the La2010d* values. Moreover, this is also a clue that our assumption that these two terms correspond to g3 -g5 and g4 -g5 is correct.
It is thus remarkable that although the NH data is tuned only to the g2 -g5 term (and thus, as g5 is constant, on g2), we have retrieved all three values of g1, g3, g4, all extremely close to the values from La2010d*.
Now that we have all five frequencies g1, g2, g3, g4, g5, we can use the 5 remaining terms (highlighted in blue in Table 3 ) to check some additional consistency relations by computing the corresponding frequency combinations. The differences with the observed values are given in col. 5, respectively for FA. All together, we can consider that we have one constant (g5), one tuned parameter (g2), one chosen value for (g4-g3), and given these, 7 parameter frequencies are independently recovered with extreme accuracy (Table 3, col.5).
Consistency Check Using Difference Frequencies of Short Orbital Eccentricity
Although the information is already mostly imbedded in Table 3 we can look at the constancy between the spectral frequencies in a different way. Because secular frequencies (g1 -g5, g2 -g1, etc.) are difference frequencies of the fundamental secular frequencies (g1, g2, etc), the system of observed orbital eccentricity frequencies are overdetermined due to the same secular frequencies appear in both low and high orbital eccentricity frequencies. Therefore if the major frequencies observed by MTM analysis or FA reflect true orbital values, most of the long eccentricity, Grand Cycles should be difference frequencies of the frequencies of the short eccentricity cycles. That this is in fact the case is shown below ( Table S7) . Table S7 : Comparison of the observed orbital eccentricity grand cycles (red) from the MTM or FA results with those calculated (bold) from differences among pairs of the observed short eccentricity cycles from the MTM or FA results. Note that the (g4 -g5) -(g3 -g2) and (g3 -g5) -(g4 -g2) periods are the side lobe periods from the modulation of the g2 -g5 cycle by the g4 -g3 cycle, that is equal to (g2 -g5) -(g4 -g3) and (g2 -g5) + (g4 -g3), respectively.
A Statistical Test.
We can ask if a random set of frequencies in the geological signal could be mistaken for a correlation to the astronomical signal. In other words, how probable is the correspondence we have found between the geological analysis and the astronomical solution? For this we take into account that the 7 terms were selected among the 12 first terms given by the frequency analysis of the NH data (we do not take into account the g2-g5 term that was used to tune the data or the g4-g3 term used to select the orbital solution). We consider thus the 7 terms hi of the astronomical solution, and 12 frequencies kj, randomly chosen in the [0:20"/yr] interval with a uniform distribution. As an evaluation of the proximity of the data to the astronomical solution, we compute the minimal value of the root mean square = # $ (ℎ ' − ' ) + 7 {'./..1}
where (ki) i = 1, ...7 are taken among the 12 kj frequencies. We then compute the probability for this value to be lower than the value s0 = 23 mas/yr (milliarcsec/yr) obtained with the NH data ( Table 3 , col. 5). As the expected probability is low, we took 33 billion draws and each time computed the minimal distance of the random frequencies to the astronomical ones. The resulting repartition function is given in Fig S13 in red. The assumption that the 7 frequencies are randomly picked among 12 is somewhat excessive, as we can see in Table S5 that the selected terms are always the largest terms in amplitude, close to a given frequency. We have thus made the same experiment with 28 billion draws of 7 frequencies in the [0.20"/yr] interval. The repartition function is plotted in blue in Fig. S13 . Fig. S13: Repartition function F(x) of the minimal distance of a random draw of 12 frequencies to the 7 main astronomical frequencies (red). The probability to find a result below 500 mas/yr is about 20%. The blue curve is the same repartition function for a draw of 7 frequencies.
The distance value s0 = 23 mas/yr we have in the present study is so small that we need to make an enlargement of the Fig S13, which is given in Fig. S14 . The log10 of F(s) is given in term of the distance (s), for the low values of (s). The vertical line is the s0 = 23 mas/yr value observed with the NH data. For the 7 frequencies experiment, the probability to be closer than s0 is so low that we linearly extrapolated (in green) to find the expected probability value (about 10^-11).
We thus see in Fig. S14 that the probability that the very good match we find for the NH data to the astronomical solution, is due to pure chance, is less than 5 × 10 78 when considering that the seven frequencies were selected among 12, and on the order of 10 7// when only 7 seven frequencies are considered. 
Seismic and Outcrop Expression of Grand Cycles
Lithologic expression involving grand cycles includes alternation of long sequences of heterogenous lithologies with degrees of cementation that influence both the density and the velocity of sound in the rocks with at a scale large enough to be seen in seismic reflection profiles. Synthetic seismograms of industry boreholes and the NBCP core holes indicate that the 405 Jupiter-Venus cycle will be the smallest cyclical feature plausibly imaged by the 1980s vintage Newark Basin industry 5 km 25 km seismic profiles. The synthetic seismograms suggest that the Grand Cycles will be a prominent feature of the seismic profiles and that seems to be the case (Fig. S15) . The most prominent reflection couplets occur at eccentricity maxima which have the deepest lacustrine sequences and the most cemented shallow water intervals.
The same strong cementation of the shallow water units associated with the thickest black shales deposited during times of highest eccentricity and greatest precessional variability evidently results in topographic ridges in the northwesterly dipping and erosionally truncated units (Fig. S16) . The topography therefore expresses the grand cycles with the smallest units with a distinct topographic expression being the g5-g2 405 ky cycles, and larger ridges and clusters of very prominent smaller ridges marking out the lower frequency Grand Cycles. This association of the eccentricity peaks with the largest topographic ridges is validated by detailed mapping (2) and outcrop correlation, confirmed by paleomagnetic polarity correlation to the NBCP cores (18) . These are also the members with formal names in the Passaic Formation as well as tending to be the most fossiliferous units. Image is a screen shot of a CRT display, vintage 1994. C, Synthetic seismic traces (black wiggles) of Nursery core tied to portion of Exxon seismic line in B that spans the Lockatong Formation, superimposed on which is the g4-g3, g1-g5, and g1-g2 components of the eccentricity signal of the Newark-Hartford data from 216.0 to 223.8 Ma.
TRIP file
TRIP file used to recover Table S5 is given below. 
